To understand how the APC mediates ubiquitination reactions, what the function of its individual subunits is, and how activator proteins interact with the APC, it would be desirable to reconstitute the complex either partly or completely from recombinant subunits. However, with the exception of APC2-APC11 heterodimers [8], it has been impossible to assemble APC subcomplexes to date. We have therefore pursued a reverse strategy and have isolated subcomplexes derived from native human APC and characterized their properties. Combined with structural predictions, our data suggest roles for TPR subunits as receptors for the activators CDH1/CDC20.
Results
The Catalytic Subunits APC2 and APC11 Can Be Reversibly Dissociated from Holo-APC To identify APC subcomplexes, we searched for conditions that dissociate individual subunits from purified native human APC. Based on previously developed immunopurification methods [24], we treated human APC bound to APC3 antibody beads with various buffer conditions and found that extensive washing with a highsalt sodium phosphate buffer of pH 6.5 greatly reduced the amounts of APC2 and APC11 in the immunoprecipitates. All other APC subunits remained bound to the antibody beads, only the levels of APC10 were slightly reduced. Lowering the pH below 6.3 caused dissociation of all subunits from the antibody beads, presumably because the antibody-antigen interaction was weak- were still part of an intact complex in which APC2 and Recombinant securin used as substrate was detected by Western APC11 could not be detected ( Figure 1A) . We refer to blotting. this subcomplex as ⌬2/11-APC. To confirm that ⌬2/11-APC represents an intact macromolecular assembly and not merely a protein aggregate, we analyzed the APC2-plexes (data not shown). We subsequently analyzed holo-APC and ⌬2/11-APC for ubiquitination activity todepleted eluate by sucrose density gradient centrifugation. The remaining subunits of ⌬2/11-APC cosediward the substrate securin in the presence of ATP, CDH1, E1, and the E2 enzymes UBC4 and UBCx. mented as a peak of approximately 22S, verifying that they were present in a discrete APC subcomplex (see Whereas holo-APC efficiently ubiquitinated securin under these conditions, ⌬2/11-APC was completely inac- Figure S1 in the Supplemental Data available with this article online). Holo-APC also sediments with an S value tive ( Figure 1C ). The lack of activity associated with ⌬2/11-APC could of 22 ([24], Figure S1 ), indicating that the loss of APC2 and APC11 does not grossly change the mass and shape have been caused by the loss of APC2 and APC11 or by damage to other subunits during the mildly acidic of the remaining complex.
To analyze which functional properties ⌬2/11-APC repH treatment. To distinguish between these possibilities, we tested if active holo-APC could be reconstituted tains, we first tested binding to CDH1. Both holo-APC and ⌬2/11-APC could be loaded with comparable from purified ⌬2/11-APC and APC2/APC11 complexes generated in baculovirus-infected insect cells. Figure amounts of purified recombinant CDH1 ( Figure 1B) ; this finding implies that APC2 and APC11 are dispensable 2A shows that coexpressed APC2 and APC11 bound to the depleted complex, whereas little or no association for CDH1 binding. This notion was further supported by the observations that ⌬2/11-APC also contained some was seen with singly expressed APC2 and APC11, even when a mixture of both proteins was incubated with ⌬2/ endogenous CDH1 ( Figure 1B) , and that CDH1 could neither bind to nor activate recombinant APC2/11 com-11-APC. This finding is consistent with the observation This reconstitution of functional holo-APC from ⌬2/ 11-APC and recombinant APC2/11 implies that ⌬2/11-APC is not irreversibly damaged by the low-pH treatment, and the lack of ubiquitination activity thus appears to be a direct consequence of the loss of APC2 and APC11. APC2 and APC11 are therefore strictly required for the ubiquitination activity of the APC but are dispensable for CDH1 binding.
APC1, 2, 4, 5, and 11 Form a Stable Subcomplex
We discovered a second APC subcomplex through fractionation of extracts from logarithmically grown HeLa cells on a Source Q15 anion exchange column. Immunoblot analysis of individual fractions showed that holo-APC containing all 11 subunits eluted in a sharp peak at around 450 mM KCl, whereas the TPR proteins APC3, APC6, and APC7 were also found in other fractions, especially in late fractions eluted with higher ionic strength (see Figure S2 in Figure 3C ). These data indicate that APC1, APC2, either creates a common interface for APC association or is essential for proper folding and structural integrity APC4, APC5, and APC11 form a stable subcomplex that, based on its elution properties from the Q column, we of these two subunits.
To discriminate a functional interaction from unsperefer to as Q 350 -APC. We presently do not know if Q 350 -APC was generated cific binding, we examined the ubiquitination activity of the reconstituted complex. Figure 2B ). We therefore used the ability of UBCx to support ubiquitination reactions to presence of APC2/11 ( Figure 3D ). This was, however, not due to loss of APC2/11 activity, since Q 350 -APC was discriminate between activity mediated by APC2/11 or by holo-APC. As shown in Figure 2C , ⌬2/11-APC that capable of multiubiquitin chain assembly ( Figure 3E ). We also compared the ability of holo-APC and Q 350 -had bound to coexpressed APC2 and APC11 indeed regained the ability to ubiquitinate securin in the pres-APC to recruit the E2 enzyme UBCx. After incubation of immunoprecipitated complexes with crosslinkerence of UBCx, whereas singly expressed APC2 and/or APC11 could not reactivate ⌬2/11-APC. Furthermore, modified UBCx and subsequent immunoblotting with anti-UBCx antibodies, only a few major bands, whose the observed activity was dependent on the activator CDH1 ( Figure 2D ). Since ubiquitination reactions medisizes were consistent with modification of APC2, were observed ( Figure 3F ). Reprobing with antibodies against ated by APC11 or APC2/11 cannot be stimulated by recombinant CDH1 ([4, 8] ; data not shown), this con-APC2 ( Figure 3F ) and other subunits (data not shown) confirmed that UBCx was specifically crosslinked to firmed that active holo-APC had been reconstituted. The TPR Subunits APC3 and APC7 Bind the C Termini of CDH1 and CDC20 securin might be a direct consequence of the absence of substrate specificity factors. Consistent with this hyTo understand APC activation, it is important to map the molecular interactions between the activators CDC20/ pothesis, we could not load recombinant CDH1 onto Q 350 -APC, whereas APC from the 450 mM KCl fractions CDH1 and APC subunits. Our analysis of ⌬2/11-APC and Q 350 -APC revealed that APC2 and APC11 are disbound both endogenous and recombinant CDH1 (Figure 3G) Employing a heterogeneous selection of the best-performing structure prediction programs, the TPR domains in APC3, APC6, APC7, and APC8 were identified by a consensus as being closely related to the TPR region in PEX5 (see Table S1 To test if APC3 interacts with the C termini of CDH1 and its related activator CDC20, we incubated insect cell lysates containing recombinantly expressed APC3 with synthetic peptides coupled to a matrix through their N terminus. About 10% of input APC3 bound to the C-terminal peptide of CDC20, and even stronger binding to a CDH1 C-terminal peptide was observed ( Figure 5A ). This interaction was specific, since APC3 did not bind to a control peptide, and recombinant APC5 interacted with neither the CDC20 nor the CDH1 peptide ( Figure  5A ). We next tested the other three TPR subunits and found that APC8 did not bind either peptide ( Figure 5A) . Likewise, binding of APC6 to the C-terminal peptides was weak and comparable to binding to a control pep- by exogenous CDH1. In contrast, a peptide from the N-terminal region of CDC20 had no effect on APC activaSurprisingly, endogenous CDH1 was also enriched on the peptide matrix ( Figure 5C ). Since purified APC is tion ( Figure 6A ). Quantitative immunoblotting with anti- Similar, but not identical, effects were seen in subcient for substrate ubiquitination. In the context of a larger APC assembly, substrate recruitment hence strate ubiquitination assays. While the IR tail deletion mutant retained some activity, the C box mutant was seems to strictly depend on the presence of specificity factors like CDH1 and CDC20. almost completely inactive, even though it bound to APC in higher amounts ( Figure 7B ). Taken together, these data argue that both the C box and the IR tail are TPR Subunits and APC Interactions required for optimal CDH1 binding to the APC and APC with Substrate Specificity Factors activation.
Binding of CDH1 to the APC is independent of the catalytic subunits APC2/APC11. On the other hand, the ability of CDH1 to bind to APC subcomplexes coincides Discussion with the presence of TPR subunits ( Figures 1B and 3G) . 
